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During apoptosis, concomitantly with permeabilization of the mitochondrial outer membrane (MOMP) and
cytochrome c release, mitochondria undergo massive ﬁssion. This results in the formation of small, round
organelles that tend to aggregate around the nucleus. Under some circumstances, preceding their ﬁssion,
mitochondria tend to elongate and to hyperfuse, a process that is interpreted as a cell defense mechanism.
Since many years, there is a controversy surrounding the physiological relevance of mitochondrial
fragmentation in apoptosis. In this review, we present recent advances in this ﬁeld, describe the mechanisms
that underlie this process, and discuss how they could cooperate with Bax to trigger MOMP and cytochrome c
release. This article is part of a Special Issue entitled Mitochondria: the deadly organelle.rane permeabilization; MIM,
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According to their endosymbiotic origin [1], mitochondria are
delimited by two lipid bilayers, the inner (MIM) and outer membrane
(MOM) that encompass three distinct spaces: the matrix containing
the mitochondrial DNA, the intermembrane space (IMS) and the
intracristae space. Such a compartmentalized structure allows
mitochondria to ensure several key roles required for life and death
of cells. They generate most of the cell's ATP supply by oxidative
phosphorylation and host a range of other metabolic processes. In
most mammalian cells, mitochondria also initiate apoptosis, a cellular
suicide program essential for embryonic development, homeostasis
and immune defense [2–4]. The mitochondrial pathway of apoptosis,
also known as the intrinsic pathway of apoptosis, is activated by stress
signals, as diverse as growth factor withdrawal, DNA damage or ER
stress stimuli, that trigger a decisive event: permeabilization of the
mitochondrial outer membrane (MOMP). MOMP allows proteins
usually sequestered in IMS to be released into the cytosol [5]. Once in
the cytosol, several of these released factors, including cytochrome c
[6], participate in the activation of a family of cysteine proteases called
caspases that dismantle the cell by processing key regulatory and
structural proteins [7].Two pro-apoptotic members of the B-cell lymphoma-2 (Bcl-2)
family, Bax and Bak, play an essential role in MOMP [5,8]. In their
absence, MOMP does not occur [9,10]. In viable cells, Bak is an integral
protein of the MOM [11], whereas Bax is cytosolic or loosely bound to
mitochondria. In response to death stimuli, Bax undergoes a series of
conformational changes that allow its translocation, integration and
oligomerization into the MOM [12–16]. Components of the TOM
complex have been reported to play a role in Bax insertion in the
MOM [17,18]. Bak also undergoes conformational changes leading to
its oligomerization. Cooperation between BH3-only proteins includ-
ing tBid, Bim, Puma and MAP-1 and lipids appears to control Bax and
Bak oligomerization [19–27]. Of these BH3 only proteins, tBid is the
best characterized in terms of biochemical or physical interaction
with Bax or Bak because it is one of the few members of this type of
proteins that can be easily puriﬁed as a recombinant protein. Upon
oligomerization, the outer mitochondrial membrane is permeabilized
by a mechanism that remains unclear [20,28,29]. It was discovered
that concomitant with MOMP, mitochondria fragment, which raised
the possibility of an active participation of mitochondrial fragmenta-
tion in MOMP. In this review, after introducing brieﬂy mitochondrial
dynamics, we will attempt to address the mechanisms underlying
mitochondrial fragmentation in apoptosis and its contribution to
MOMP and cell death.
2. Mitochondrial dynamics in healthy cells
Mitochondria can adopt a wide variety of shapes in mammalian
cells, ranging from long, interconnected tubules to individual small
grains [30,31]. In the past decade, isolation and characterization of
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the organelle have led to the proposal that the mitochondrial
morphology depends on an equilibrium between two antagonistic
machineries responsible for ﬁssion and fusion of mitochondrial
membranes [32]. Thus, unbalanced ﬁssion leads to mitochondrial
fragmentation whereas unbalanced fusion leads to mitochondrial
tubulation. Both fusion and ﬁssion processes are controlled by
evolutionarily conserved large GTPases related to the dynamin family
proteins [33], as discussed below.
2.1. The mitochondrial ﬁssion machinery
Mitochondrial ﬁssion requires Dynamin-related protein 1 (Drp1),
a large GTPase of the dynamin family. Drp1 is cytosolic but a subpool
of the protein concentrates in discrete spots on mitochondria at sites
of future ﬁssion [34–37]. According to in vitro studies, Drp1 assembles
into rings around mitochondria and constricts their membranes,
breaking down the organelles in a GTP hydrolysis-dependent
mechanism [37–41]. Overexpression of a dominant-negative Drp1
mutant or Drp1 knockdown by RNA interference leads to increased
length and interconnectivity of the mitochondrial network, as a result
of unbalanced fusion [34–37]. Another component of the mitochon-
drial ﬁssion machinery is hFis1, a protein uniformly anchored to the
MOM [42–44]. hFis1 is thought to mediate mitochondrial recruitment
of Drp1 through two tetratrico-peptide repeat motifs facing the
cytosol [44–48]. However, although hFis1 can interact with Drp1, its
downregulation does not seem to affect Drp1 recruitment [49,50],
suggesting that its functional importance may be limited, at least in
some cell types. Mitochondrial ﬁssion factor (Mff), localized to the
inner membrane, and mitochondrial protein 18 kDa (MTP18),
anchored in the mitochondrial outer membrane, are involved in the
maintenance of mitochondrial morphology by contributing also to the
control of mitochondrial ﬁssion [51,52]. While MTP18 requires hFis1
to promote mitochondrial fragmentation, Mff is found in 200-kDa
complexes that would act independently from all other known ﬁssion
proteins. Finally, Endophilin B1 (Endo B1) and GDAP1, have also been
proposed to regulate mitochondrial ﬁssion. Endo B1 has been found to
bind Bax during apoptosis [53] and, as Drp1, to translocate to MOM
during mitochondrial ﬁssion [54]. Its extinction by RNAi affects
mitochondrial morphology in HeLa or Cos7 cells [54], triggering
separation of MOM and MIM with excessive fusion of MOM.
Consistent with a role in mitochondrial morphogenesis, recombinant
Endo B1 can induce budding of giant unilamellar vesicles in the
presence of Bax [55]. GDAP1 may also be involved in mitochondrial
ﬁssion. Thus, overexpression of GDAP1 in Cos7 cells promotes Drp1-
induced mitochondrial fragmentation while its down regulation is
accompanied by mitochondrial tubulation [56,57].
2.2. The mitochondrial fusion machinery
For fusion of the MOM, mammals use the large GTPases Mitofusins
1 (Mfn1) and 2 (Mfn2). Mouse embryonic ﬁbroblasts (MEFs) lacking
Mfn1 or Mfn2 show reduced levels of mitochondrial fusion and
display fragmented mitochondria [58]. Mitofusins are required on
adjacent mitochondria during membrane fusion. It is likely that both
proteins mediate the docking of mitochondria to one another during
fusion by engaging in trans-homo-oligomeric and hetero-oligomeric
complexes as observed during co-immunoprecipitation experiments
[59–61]. Mitochondrial phospholipase D (MitoPLD) has also been
shown to inﬂuence MOM fusion [62]. MitoPLD is a dimeric enzyme
anchored to the MOM with its catalytic domain facing the cytosol.
Downregulation of the protein by RNAi induces fragmentation of the
mitochondrial network. Moreover, MitoPLD is able to hydrolyse
cardiolipin, in vitro as well as in NIH3T3 cells, to generate
phosphatidic acid, a lipid that favors the formation of membranes
with negative curvatures and thereby promotes mitochondrial fusion[62]. Opa1 is a dynamin-related protein essential for fusion of the
MIM. Opa1 is encoded by a set of at least eight mRNA splice forms that
are produced by differential splicing [63]. The polypeptides encoded
by each mRNA splice form then undergo proteolytic cleavages to give
one to three isoforms [64]. As a result, in HeLa cells for example, ﬁve
different protein isoforms –two long (l-Opa1) and three short (s-
Opa1) – are detected byWestern blot. s-Opa1 and l-Opa1 are localized
to the IMS. l-Opa1 is thought to be anchored to the MIM by an
hydrophobic domain whereas s-Opa1, lacking this region, would be
peripherally bound to theMIM, a fraction of it having the possibility to
diffuse in the IMS and to associate to the MOM [65,66]. Consistent
with a role in fusion, loss of function of Opa1 by RNAi experiments
causes fragmentation of the tubular mitochondrial reticulum in
several cell lines [67,68]. Re-introduction of Opa1 restores mitochon-
drial elongation and formation of interconnected tubules [69].
Interestingly, profusion activity of Opa1 requires the presence of
both l-Opa1 and s-Opa1 as well as the presence of the MOM protein
Mfn1 [64,70].
While MOM and MIM fuse using their own machinery and with
different energetic requirements [71,72], they do it in a highly
coordinated manner in order to maintain integrity of the organelle.
The molecular mechanisms underlying this coupling are still unclear.
In yeast, the protein Ugo1p is a likely candidate for this process. Ugo1p
is distinctly required for bothMOMandMIM fusion and interacts with
both Fzo1p and Mgm1p, the homologues of Mfn1/Mfn2 and Opa1
respectively [73]. In mammals, to date, no obvious counterpart of
Ugo1p has been identiﬁed. It is therefore impossible to saywhether an
Ugo1p equivalent is required in mammals for the coordinated fusion
of MOM and MIM.
3. Mitochondrial dynamics during apoptosis
3.1. Fusion and ﬁssion of mitochondria during apoptosis
More than 10 years ago, several authors reported that the
mitochondrial network collapses into small spherical mitochondria
in response to many apoptotic inducers [74–77]. This mitochondrial
fragmentation is caspase independent [78] and occurs concomitantly
withMOMP and subsequent cytochrome c release [79]. More recently,
it was found that early during apoptosis triggered by UV irradiation or
actinomycin D, fusion of mitochondria was dramatically stimulated, a
process that has been called stress-induced mitochondrial hyperfu-
sion (SIMH) [80]. Although SIMH was not observed when apoptosis
was triggered by death stimuli such as staurosporine [80], a limited
stretching of mitochondria was reported, preceding mitochondrial
ﬁssion, in HeLa cells exposed to staurosporine [78]. It is unclear
whether the mechanisms responsible for the mitochondrial morpho-
logical changes observed by Frank et al. [78] during staurosporine-
mediated apoptosis and those underlying SIMH are similar. Together,
all these observations raise questions as to whether themitochondrial
morphological changes that occur during apoptosis are only epiphe-
nomena or if they could be part of the pathways leading to cell death.
Alternatively, the proteins responsible for ﬁssion or fusion of
mitochondria could play a role in apoptosis, independently of their
effect on mitochondrial morphology.
3.2. Inhibition of Drp1 and mitochondrial ﬁssion delays cytochrome c
release and apoptosis
Inhibition of Drp1 with a dominant-negative mutant (Drp1K38A),
by RNA interference or with a chemical inhibitor, leads to elongation
of mitochondria and delays their fragmentation during apoptosis
[49,78,81–84] However, it is important to say that ﬁssion of
mitochondria is not completely prevented in the absence of Drp1
([85] and JCM, personal observations) which suggests that Drp1-
independent mechanisms are participating in mitochondrial ﬁssion
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Fig. 1. Drp1-induced membrane remodeling and Bax oligomerization. (A) Upon speciﬁc apoptotic stresses, the activated truncated BH3-only protein tBid inserts into cardiolipin
(CL)-enriched microdomains in the mitochondrial outer membrane and mediates recruitment of Bax. Concomitantly, following a still unclear mechanism, possibly involving Bax
[108], Drp1 translocates to mitochondria and triggers hemiﬁssion intermediates. This membrane remodeling promotes tBid-induced Bax oligomerization and subsequently
mitochondrial outer membrane permeabilization (MOMP). Drp1 remodeled cardiolipin-enriched lipid microdomains could act as raft-like microdomains [109] to facilitate Bax
oligomerization. Such cardiolipin microdomains have previously been proposed to form at contact sites betweenMOM andMIM and to play a role in the dimerization and activation
of caspase 8 at the mitochondrial surface [110]. Cardiolipin-enriched raft-like microdomains would act as ceramide-enriched membrane platforms in the reorganization, clustering
and activation of receptors in the plasma membrane, as described in (B). After ligand binding and post-translational modiﬁcations such as palmitoylation (not indicated), the
member of the TNFR superfamily, CD95, also known as FAS, recruits speciﬁcally FAS-associated death-domain protein (FADD) and Procaspase-8 leading to its clustering (a process
termed “capping”) into large lipid-raft platforms. Then, CD95 is capable of inducing both anti-apoptotic and, after internalization, pro-apoptotic signals (reviewed in [111,112]).
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delay in cytochrome c release, caspase activation and nuclear DNA
fragmentation [49,78,81–84]. More recently, two groups have
knocked out Drp1 in the mouse [85,86]. Both murine models have
developmental abnormalities, especially in the forebrain, leading to
death by embryonic day 11.5 [86] or 12.5 [85]. At E10.5, Drp1-null
embryos display decreased activated caspase 3-positive cells as
compared to control embryos indicating that Drp1 plays a key role
in developmentally regulated apoptosis during neural tube formation
[86]. Data obtained in vitro using MEFs derived from these mice showthat apoptosis induced by intrinsic (staurosporine, etoposide and UV)
or extrinsic apoptotic stimuli (TNF-α plus cycloheximide) occurs
normally in the absence of Drp1 [85,86]. However, although in Drp1-/-
cells Bax translocates to the mitochondria with kinetics similar to
those observed in wild-type cells, cytochrome c release, caspase
activation and phosphatidylserine exposure are delayed [85]. More-
over, as previously reported by Parone et al. [87] and Estaquier et al.
[88], in contrast to the release of cytochrome c, that of Smac/DIABLO is
not altered by the absence of Drp1. So, it appears from these results
that Drp1 is involved in cytochrome c release and the subsequent
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indicate that the importance of Drp1 in cell deathmay differ according
to cell types and physiological cues.
Consistent with these data, inhibition of upstream regulators of
Drp1, such as hFis1 or MTP18 and Mff also result in highly fused
mitochondria, delayed cytochrome c release and retardation of cell
death [49,51,52]. Moreover, inhibition of mitochondrial fragmenta-
tion by activation of the fusionmachinery can also slow down the rate
of cell death. Thus, overexpression of Mfn2 or Opa1 can inhibit Bax
activation whereas silencing of Mfn1 or Mfn2 increases cell sensitivity
to various apoptotic stimuli [89–91]. All these observations suggest
that it is the mitochondrial morphological changes, rather than a
direct effect of the protein effectors themselves, that impact onMOMP
and apoptosis. This effect on cell death is mainly observed in
mammalian cells in which MOMP is a crucial event. In Caernorhabditis
elegans, where MOMP does not seem to occur, inhibition of Drp1 or
mitochondrial ﬁssion has no, or little, impact [92,93].
3.3. Mechanisms by which mitochondrial morphological changes could
affect apoptosis
How exactly changes in mitochondrial dynamics interfere with
progression of apoptosis still remains unclear. It has been proposed
that ﬁssion of mitochondria may facilitate MOMP by impairing some
critical properties of the organelle. Consistent with this, mitochondrial
fragmentation consecutive to Mfn1, Mfn2 or Opa1 ablation in mouse
cultured ﬁbroblasts leads to severe mitochondrial dysfunctions and
increased susceptibility of cells to apoptosis [60]. Moreover, as
mentioned before, some apoptotic stimuli like UV irradiation or
actinomycin D cause mitochondria to hyperfuse prior to fragment.
Stress-induced mitochondrial hyperfusion as it was called [80]
correlates with an increased ATP producing capacity of mitochondria
and confers some degree of resistance to these death stimuli by
delaying Bax translocation to mitochondria [80]. Although we do not
fully understand how mitochondrial morphological changes can
impact on cell death kinetics, these data point to membrane
remodeling as plausible modulators of Bax activation. Recently, we
reported that Drp1 plays a role in Bax oligomerization, a crucial event
that follows its translocation and membrane insertion and results in
MOMP. Using liposomes, we showed that Drp1 stimulates aggregation
of liposomes and the formation of a structure called membrane
hemifusion that represents fusion of the outer leaﬂets of adjacent
membranes, while inner leaﬂets remain intact [94]. Membrane
hemifusion is thought to be a membrane intermediate formed during
fusion and ﬁssion processes and to be promoted by lipids such as
cardiolipin that favor formation of membranes with negative
curvatures. In case of membrane ﬁssion, the intermediate structure
that forms is called a membrane hemiﬁssion intermediate. Impor-
tantly, rather than Drp1 per se, we found that it is the membrane
remodeling that is responsible for Bax oligomerization. Thus, we
predict that any mechanism that would induce such membrane
remodeling during apoptosis would stimulate Bax oligomerization
Our in vitro data suggest that in addition to Drp1, other proteins that
we have not yet identiﬁed can stimulate tBid-induced Bax oligomer-
ization. One of these proteins could be Endophilin B that has also been
reported to stimulate Bax oligomerization under similar experimental
conditions, although in these studies the effect of Endo B1 did not
seem to be mediated by lipids [95]. Together these data may explain
why inhibiting Drp1 alone is insufﬁcient to confer long-term
protection against apoptotic stimuli [87,88,96]. It remains to be
determined how formation of membrane hemifusion or hemiﬁssion
intermediates promotes Bax oligomerization. Formation of cardioli-
pin-enriched lipid microdomains could favor Bax oligomerization in a
manner similar to the role played by lipid rafts in the oligomerization
and activation of receptors in the plasma membrane [97] (see Fig. 1
for a model). Changes in membrane curvature may also play a role inthis process. Members of the Bcl-2 family, including Bax and tBid
which have previously been reported to affect membrane curvature
[28,98–100] could also cooperate with Drp1 and/or other proteins
involved in fusion or ﬁssion of mitochondria to promote MOMP.
Another mechanism by which mitochondrial dynamics could
participate in apoptosis is suggested by the ﬁnding that inhibition of
the mitochondrial ﬁssion machinery partially prevents the release of
cytochrome c but not that of Smac/Diablo, another apoptogenic
protein released from mitochondria upon apoptosis [87,88]. Two
pools of cytochrome c co-exist in mitochondria. A minor part of the
protein is soluble in IMS whereas about 85% of the total cytochrome c
resides in mitochondrial cristae probably complexed to protein
partners such as subunits of complexes III and IV, and phospholipids,
in particular cardiolipin [101–106]. Dissociation from its partners and
structural reorganization of membranes must occur to mobilize the
major pool of the protein in the IMS before release across the MOM
during apoptosis [91,107]. As suggested several years ago by Scorrano
and colleagues [104] and supported by the fact Drp1 seems to control
cristae remodeling induced by the BH3-only Bik [82], mitochondrial
ﬁssion and fusion are good candidates to account for a complete and
fast release of cytochrome c during cell death. Cristae remodeling
would be consequent to dissociation of Opa1 complexes, a process
dependent on Bax, Bak and BH3-only proteins such as tBid and Bim.
However, oligomerization of Bak would not be required for Opa1
complex disassembly [107]. The importance of mitochondrial dy-
namics in apoptosis might be directly settled by the threshold
amounts of cytochrome c needed to activate caspases and thus
would vary depending on cell type and physiological state.
4. Conclusion
Fragmentationof themitochondrial network is anearly eventduring
cell death. Much has been done to decipher the physiological relevance
of this process, but it is still unclearwhether it plays an active role in the
intrinsic pathway of apoptosis or whether it is simply an epiphenom-
enon. Although it is well agreed thatmitochondrial fragmentation alone
is insufﬁcient to induce cell death, it is not completely admitted that
mitochondrial morphological changes are absolutely required for
progression of cell death. A clear answer to this question has not been
obtained yet, because it is impossible to completely prevent occurrence
of mitochondrial ﬁssion during apoptosis using the currently available
tools. Future work will have to resolve this issue by deciphering the
precise mechanisms whereby mitochondria fragment during apoptosis
and by identifying which part, besides Drp1, Bax, Bak and other Bcl-2
family members contribute in this process.
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